Introduction {#s0001}
============

Fibrosis, the thickening and scarring of connective tissue due to accumulation of extracellular matrix molecules, is a common feature associated with chronic tissue inflammation.[@cit0001] Chronic fibrotic diseases often result in widespread distortion of normal tissue architecture and account for up to 45% of deaths in the developed world.[@cit0002] While fibrosis can affect all major tissues, idiopathic pulmonary fibrosis (IPF)[@cit0003] and hepatic cirrhosis[@cit0004] are among the more common fibrotic diseases, and as such, are associated with an unmet clinical need.

Studies of organ fibrosis have flourished over the last decade and common features of fibrosis across different tissues have been previously described. For example, while tissue fibroblasts are normally heterogeneous, pathologic myofibroblasts exhibit similar histological phenotype and molecular characteristics in lung, kidney or liver fibrosis, suggesting that fundamental, conserved pathogenic pathways are common in fibrotic organs.[@cit0005] Despite multiple efforts to assess the gene expression or phosphoproteomics signatures associated with fibrosis in several distinct organs,[@cit0006] no reliable markers of clinical utility have been identified and to date, no approved anti-fibrotic therapies have been discovered.[@cit0002]

It was previously suggested that development of advanced fibrosis across different organs may be associated with unique levels of signaling pathway activation,[@cit0007] however the complex signaling network in fibrotic diseases have been largely overlooked and the broad understanding of fundamental molecular pathways across multiple fibrotic organs is still lacking. The pathogenesis of fibrotic disease regardless of etiology shares common features including altered epithelial-mesynchymal cell interactions, inflammation, and proliferation of fibroblasts as a result of chronic activation of the myofibroblast cell type.[@cit0008] A line of evidence suggests that these events may result from alterations in common regulatory pathways, such as TGFβ-SMAD2/3 signaling that drives cellular transdifferentiation to myofibroblasts and abnormal extracellular matrix deposition, and PI3K--AKT signaling that contributes to myofibroblast resistance to apoptosis.[@cit0008] Although evidence supporting the concept of core fibrosis pathways is strong and compelling, as summarized in a recent review article by Rockey et al.,[@cit0009] most of the recent data were gathered across many single-organ studies and a direct comparison of pathway signatures from human liver vs. lung fibrosis have not been reported previously.

To further investigate this hypothesis we used a novel software suite, Regeneration Intelligence, for quantitative and qualitative analysis of the intracellular signaling pathway activation (SPA)[@cit0010] based on the transcriptomic data from 32 hepatic and 13 IPF patients. The intracellular SPA analysis is a universal method, which may be used to analyze any physiological, stress, malignancy[@cit0012] and other perturbed conditions at the molecular level. In contrast to other existing techniques for aggregation and generalization of the gene expression data for individual samples, our method distinguishes the positive/activator and negative/repressor role of every gene product in each of the distinct signaling pathways analyzed and determines its pathway activation score (PAS).[@cit0010]

Results {#s0002}
=======

Regeneration Intelligence detects major conserved pathways involved in lung and liver fibrogenesis {#s0002-0001}
--------------------------------------------------------------------------------------------------

Using stringent criteria (*p* \< *0.0005 has been chosen to restrict out analysis to the most significantly dysregulated pathways*), our analysis showed that the PAS values of 61 and 41 distinct pathways, in hepatic and pulmonary fibrotic samples respectively, were significantly dysregulated compared to controls (Table S1). In both tissues, our comprehensive analysis revealed alterations in signaling pathways that are commonly associated with fibrosis, further supporting their potential functional role in fibrogenesis, and confirming the success of our conservative filtering approach. For example, among the top 20 most significantly altered signaling axis in hepatic patients, we found MAPK/ERK, PAK/P38, integrins/ILK, IL6 and AKT pathways (Table S1). The MAPK/ERK signaling cascade is a major pathway controlling cellular processes associated with fibrogenesis, including growth, proliferation, and surviva,[@cit0013] whereas PAK/P38 signaling plays a key role in pro-fibrogenic epithelial--mesenchymal transition (EMT),[@cit0014] and was shown to be upregulated in response to lysoposphatidic acid during organ fibrogenesis.[@cit0015] Moreover, ERK and p38 MAPK pathways are principally related with the TGFβ signaling,[@cit0017] which plays a central role in fibrotic disorders by inducing multiple pro-fibrogenic and immunosuppressive effects in various distinct organs including liver.[@cit0018] Several studies have shown that TGFβ also mediates PI3K/AKT signaling in fibrosis models.[@cit0019] Similarly, integrin-linked kinase (ILK), the member of the signal transduction cascade between integrins and growth factor receptors, is also involved in the activation of ERK and p38 MAPK signaling during the development of hepatic fibrosis.[@cit0020] Finally, IL6 supports fibrogenesis by shifting acute inflammation into a more chronic pro-fibrotic state through induction of Th1 cell responses as a consequence of recurrent inflammation.[@cit0021] Furthermore, as a potent activator of the JAK-STAT signaling, IL6 may play a crucial role during hepatic stellate cell activation and transdifferentiation into myofibroblasts, the key events in liver fibrogenesis.[@cit0022]

Similarly to liver, the well-established fibrosis-associated pathways, such as those involving ILK, PAK and ERK, were also found among the 20 most significantly altered signaling pathways in IPF patients ([Fig. 1](#f0001){ref-type="fig"} and Table S1). EGFR signaling pathway was also found to be disrupted (Table S1). Aberrant EGFR signaling is associated with the early stage pathogenesis of lung fibrosis, cancer and numerous airway hypersecretory diseases,[@cit0023] and it therefore provides an attractive therapeutic target for reduction of fibrogenesis in human organs[@cit0024] and animal models.[@cit0023] Figure 1.Intercross of signaling pathways in liver and lung fibrosis reveals common fibrosis pathway signature. Gene expression data derived from lung dataset GES2052 and liver data set GES45941 was analyzed to estimate Pathway Activation Scores (PAS) using corresponding fibrosis-free tissues as a reference. Only pathways with PAS p-values less than 0.0005 have been selected. (A). Venn diagram illustrates the upregulated pathways which are overlapping in lung and liver fibrotic tissues. (B). Venn diagram illustrates the downregulated pathways which are overlapping in lung and liver fibrotic tissues. (C) Distribution of PAS values of 22 shared signaling pathways (results from A and B) in fibrotic lung and liver tissue samples.

While the association of the above signaling pathways with fibrosis is not new, the observation that Regeneration Intelligence is able to detect well characterized molecular processes involved in fibrogenesis of both liver and lung, is a reasonable validation of the utility of the software, and supports the credibility of the pathway activation score estimation as a promising analytical approach.

Shared pathway signatures in liver and lung fibrosis {#s0002-0002}
----------------------------------------------------

Surprisingly, while our data showed that the majority of significantly disrupted pathways are specific to histologically distinct organs (Table S1), several pathways and their major signaling branches have been concurrently activated (20 pathways) or downregulated (2 pathways) among the hepatic and pulmonary fibrosis samples ([Fig. 1A and 1B](#f0001){ref-type="fig"}, Table S2). While larger confirmatory studies are warranted to further validate our observations, it is tempting to speculate that these pathways may represent fibrosis-associated "core pathways", essential to convert an initial stimulus to the development of fibrosis in most of the fibrotic patients. Whereas versatile pathways specific to each of the organs tested are regulatory pathways, which can influence the core pathways but do not directly convert the initial stimulus into the basic component of fibrosis.[@cit0002]

The downregulation of mitochondrial apoptosis pathway and JAK/STAT pathway in fibrotic samples ([Fig. 1B](#f0001), Table S2) further supports the credibility of our approach, since myofibroblast resistance to apoptosis is a cardinal feature of chronic fibrotic diseases involving diverse organ systems,[@cit0025] and protective role of JAK/STAT signaling has been demonstrated in renal[@cit0026] and hepatic[@cit0022] fibrosis. All of the upregulated signaling cascades shown ([Fig. 1A and 1C](#f0001){ref-type="fig"}, Table S2) have cross-talk to induce complex networks that regulate inflammation and fibrosis in various human organs, and are often triggered by the exposure of effector cells to circulating or locally produced molecules that stimulate the biosynthesis and secretion of extracellular matrix proteins. Interestingly, an extensive transactivation has been observed between several pathways, such as ERK/MAPK,[@cit0017] integrins/ILK,[@cit0027] PPAR,[@cit0028] PAK,[@cit0029] SMAD,[@cit0030] hypoxia/EMT,[@cit0031] and TGFβ signaling, a potent stimulator of the synthesis of extracellular matrix proteins, which is important in virtually all types of fibrosis.[@cit0032] These findings further support the concept that TGFβ is a harbinger of fibrogenic cascade activation.[@cit0009] Although in animal models it was shown that TGFβ could cause fibrosis independently, a complete blockade of TGFβ was associated with substantial toxicity.[@cit0032] Due to the complexity of TGFβ signaling, this raises the question of whether specific targeting of fibrosis-promoting downstream pathway branches will be safer and more efficient then a pan-TGFβ blockade. Although given the limited availability of well-annotated gene expression datasets we cannot answer this important question, this work emphasizes that our approach may help to elucidate the complex fibrosis-promoting pathways and unravel their most critical branches for potential drug targeting.

Analysis of fibrosis-associated pathways with IPA Ingenuity and MetaCore {#s0002-0003}
------------------------------------------------------------------------

We next performed parallel analyses using QIAGEN\'s Ingenuity Pathway Analysis (IPA®,QIAGEN Redwood City, [www.qiagen.com/ingenuity](http://www.qiagen.com/ingenuity)) and MetaCore from Thomson Reuters (<http://thomsonreuters.com/en/products-services/pharma-life-sciences/pharmaceutical-research/metacore.html>) software with the same input data sets utilized to elucidate fibrosis-associated pathways with Regeneration Intelligence toolset and compared data generated by these alternative methods with our results. IPA and Metacore software each produced 2 tables which contain list of pathways significantly enriched in either lung or liver fibrosis. Using the same statistical criteria (*p* \< 0.0005) as has been used for selection of pathways obtained by Regeneration Intelligence, IPA Ingenuity pathway analysis revealed that 18 and 8 distinct pathways, in hepatic and pulmonary fibrotic samples respectively, were significantly enriched compared to controls (Tables S3 and S4). Several fibrosis-associated pathways (stellate cell activation and signaling involving LXR[@cit0033] and RXR[@cit0034]) were enriched in fibrotic patients according to the IPA analysis. However, such well-characterized fibrogenesis-driving molecular processes as TFGβ-SMAD, PAK/P38, integrins/ILK or PI3K/AKT were neither detected in lung nor in liver fibrosis patient cohorts. Stellate cell activation' was the only pathway concurrently enriched across hepatic and pulmonary fibrosis samples, perhaps due to erroneous assignment of liver specific pathways to non-hepatic tissues.

MetaCore suite identified 10 significantly enriched pathways in each of the tissues analyzed. MetaCore analysis revealed crucial basic component of fibrosis signaling network in both pulmonary and hepatic samples, such as IL-1,[@cit0035] IL-10,[@cit0037] TGFβ[@cit0009] and WNT[@cit0040] signaling pathways and components of EMT mediating network[@cit0042] (Tables S5 and S6). Nevertheless, no shared pathways concurrently enriched in liver and lung fibrosis have been identified.

Although using strict criteria, results generated by MetaCore and IPA ingenuity analysis revealed pathways relevant to organ fibrosis, neither platform was able to identify systemic fibrosis signature common to both distinct organs.

Discussion {#s0003}
==========

An understanding of the protein signaling architecture in fibrogenesis is of critical importance for the development of new therapeutic approaches and identification of predictive and prognostic biomarkers. Numerous studies have used genomic- and phosphoproteomics-based approaches to characterize the molecular underpinnings of fibrogenesis,[@cit0006] however a systematic comprehensive analysis of the signaling pathways activation in distinct fibrotic organs has never been done.

In this work we used the new bioinformatics software suite for the analysis of intracellular signaling pathway activation using transcriptomic data, for quantitative and qualitative comparison of the signaling pathway activation in lung and liver fibrosis. Due to its universal applicability, this platform was established as a potent *in-silico* drug screening and efficacy prediction tool.[@cit0010]

By utilizing our approach we were able to detect some of the major conserved molecular processes involved in fibrogenesis, such as those involving TFGβ[@cit0032], IL6[@cit0045] and ILK[@cit0047] signaling. This is a reasonable validation of the utility of the software, which suggests that our platform provides a rational bio-mathematical framework for studying signaling pathway alterations driving the fibrogenetic processes. Furthermore, the fact that virtually all pathways that passed our stringent threshold (*p* \< 0.0005) were previously experimentally validated as core fibrotic processes, suggests that some of the next-tier pathways (0.0005 \< *p* \< 0.005) identified by our algorithm but not yet wet-lab validated as fibrogenesis related, may be attractive targets for future research (Table S1).

Although the concept that fibrosis follows many common pathways across diverse organs was recently described,[@cit0009] most of the evidence was gathered across many single-organ studies and to the best of our knowledge, our work for the first time directly compares the pathway signatures from human liver and lung fibrosis. We acknowledge that due to the limited samples size, our findings are exciting but exploratory, and are therefore restricted to hypothesis generation. However, given the difficulty of obtaining gene expression data of well annotated, clinically relevant fibrotic specimens, the datasets used in this work represent a unique model to study pathways alterations that drive lung and liver fibrogenesis.

During the past 2 decades, systematic collections of pathway data from experimental studies have been compiled by several databases in both academic and commercial settings and various computational scoring platforms that can project gene expression data into a network of molecular signaling have been proposed for integrative pathway analysis.[@cit0048] Despite significant advancements, several obvious drawbacks and challenges - such as lack of information regarding the pathway down- or upregulation, inconsistent pathways annotation, difficulties to understand the obtained values and inconsistency of the data coming from the various types of equipment - may lead to the incorrect interpretation of the underlying biological processes. Therefore, it is reasonable to assume, that the abovementioned problems could contribute to the inability of IPA-Ingenuity and MetaCore software suits to identify common fibrosis signatures in distinct fibrotic tissues. Specifically, inconsistency and/or redundancy in pathway names annotations and number of pathway components may result in different statistical weights assigned to these pathways, and subsequently lead to the inability to detect signaling pathways shared between different biological systems. This motivated us to create a method which allows accurate and robust cross-platform analysis of gene expression data obtained using different high-throughput techniques and enables scientists to characterize the functional states of transcriptomes more accurately than before.[@cit0044] Nevertheless, given the difficulty to unify inputs from different existing signaling pathways databases (UniProt, HPRD, QIAGEN SABiosciences, WikiPathways, Ariadne Pathway Studio, SPIKE, Reactome, KEGG and others) used by other software that conduct pathway analyses (such those tested here), the direct comparison of the data generated by different approaches should be addressed with caution.

One of the main advantages of the proposed pathway scoring utility is the ability to predict the up- or downregulation for every differentially dysregulated signaling pathway. Since target-based drug discovery largely focuses on gain-of-function mutations and upregulation of biological processes, unveiling the directionality of signaling pathways that may be responsible for the fibrogenesis could provide the foundation for a target-based therapeutic intervention at the pathway level.

In conclusion, our work further supports the theory that conserved signaling elements may be shared in various fibrotic organs, and provides new evidence of evolutionary conserved pathways that may be relevant as possible therapeutic targets. Future work using the Regeneration Intelligence platform could shed light into molecular mechanisms responsible for the development, maintenance and progression of advanced fibrosis, and may provide further insight into its fundamental biologic mechanisms.

Materials and methods {#s0004}
=====================

Microarray data sets {#s0004-0001}
--------------------

We carefully reviewed several publicly available transcriptomic repository databases for the microarray-profiled human biopsy samples of fibrosis affected lung and liver tissues and appropriate controls which served as a reference for PAS calculation. Only two datasets met our inclusion criteria (clinical material obtained via biopsy or surgical resection): GSE2052 (<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE2052>), contains the information on 24 lung samples profiled using Amersham Biosciences CodeLink Uniset Human I Bioarray arrays. This cohort includes 13 samples obtained from patients diagnosed with idiopathic pulmonary fibrosis (criteria of the American Thoracic Society and European Respiratory Society) who underwent pulmonary transplant, and 11 histologically normal lung tissue samples resected from lung cancer patients.[@cit0053] The second set, GSE49541 (<http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE49541>) contains data for 72 samples obtained via diagnostic biopsy in nonalcoholic fatty liver disease (NAFLD) patients. Samples in this cohort were scored into various fibrotic stages according to Pathology Committee of the NASH Clinical Research Network. Biopsies scored as fibrosis stage 0--1 (fibrosis-free/very limited fibrosis were used as control cases in this study. 32 samples diagnosed as severe/advanced fibrosis (stage 3--4) we referred to as fibrotic liver cases.[@cit0054] Transcriptomic data in this set was obtained using Affymetrix Human Genome U133 Plus 2.0 Array.

Expression data pre-processing {#s0004-0002}
------------------------------

All microarray data preprocessing steps were performed in R version 3.1.0 using packages from Bioconductor. Microarray raw data files were background adjusted and quantile normalized.

Dimensionality reduction of data sets {#s0004-0003}
-------------------------------------

Obtained gene expression values for all replicates were combined into 2 matrices (for fibrosis and control samples, respectively), which were then subjected to the procedure of non-negative matrix factorization. The leading contributions to both fibrosis and control sample matrices had the form of a n x m rank 1 matrix, where n is the number of samples and m is the number of genes represented in the transcriptome. As such matrices are the tensor products of 2 n- and m-component vectors, the m-component vectors were considered as the transcriptional signature vectors of control and fibrosis samples, respectively.

Pathway activation score (PAS) calculation {#s0004-0004}
------------------------------------------

Preprocessed and dimensionality-reduced gene expression data were loaded into Regeneration Intelligence, a proprietary software suite developed by Atlas Regeneration, Inc. The software enables calculation of the Pathway Activation Score (PAS) for each of the 271 pathways analyzed, a value which serves as a quantitative measure of differential pathway activation between the 2 states. Regeneration Intelligence software suite is a cloud based implementation of topological gene expression aggregation algorithm,[@cit0010] optimized for the needs of stem cells research and regenerative medicine. The algorithm utilizes the following formula to evaluate pathway activation:$$PAS_{p} = {\sum\limits_{n}{ARR_{np} \cdot BTIF_{n} \cdot \text{lg}\left( {CNR_{n}} \right)}}$$

Here, *CNRn* is the ratio of the expression level of a gene n in the pathologic sample and in the control; *BTIFn* is a value of beyond tolerance interval flag, which equals 0 (if 0.67\<CNR\<1.5) or 1 (if CNR\<0.67 or CNR\>1.5); and *ARR* (activator/repressor role) serves as a discrete value which equals to either −1, −0.5, 0, 0.5 or 1 depending on the topological role (activator or repressor) of the particular gene/protein in the signaling pathway p, respectively.[@cit0010] Results for the pathway activation scores for 271 pathways, which were estimated for each sample can be found in supplement materials (Table S1). Pathways with positive PAS values are upregulated, while negative PAS values correspond to down-regulated pathways.
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